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Introduction
============

Personalized medicine increasingly relies on multi-parameter tests involving morphological and molecular tissue analyses. Formalin fixation of tissues as the gold standard provides excellent morphologic quality[@B0][@B1]. However, formalin-induced chemical modification and cross-linking of proteins and nucleic acids[@B2][@B3][@B4] negatively interferes with molecular analysis[@B5]. These molecular modifications limit the quality of nucleic acids and proteins and may result in gene sequence artefacts[@B6] or reduced sensitivity of polymerase chain reaction (PCR)-based assays[@B7]. Although major efforts were taken to optimize molecular tests for FFPE tissue, cryo-preservation of tissues is in general superior to formalin fixation, making it necessary to split tissue samples for different preservation procedures. To avoid the need for cryo-preservation for molecular analyses, a non-cross-linking, formalin-free fixative, PAXgene Tissue was developed. This commercially available system consists of a fixation and a stabilization solution containing different alcohols, acetic acid and a soluble organic compound. Proper preservation of nucleic acids, (phospo)proteins and morphology was shown in several studies[@B5][@B8][@B9][@B10][@B11][@B12].

One particular application in cancer diagnostics is FISH detecting a comprehensive range of chromosomal alterations, such as translocations, submicroscopic deletions and amplifications [@B13]. For example, twenty percent of invasive breast cancer tumors show amplification of the human epidermal growth factor receptor 2 (HER2) gene[@B14][@B15][@B16], which is associated with poor prognosis[@B17][@B18]. Determination of the HER2 overexpression and amplification status in breast cancer by FISH is needed to select patients for anti-HER2-directed therapy and is a companion diagnostic listed by the Federal Drug Association (FDA) (http://www.fda.gov/MedicalDevices/ProductsandMedicalProcedures/InVitroDiagnostics/ucm301431.htm)[@B16]. In order to allow a broad application of FISH-based companion diagnostics in health care, assays were developed and approved for FFPE tissues.

In a previous study, we showed that NCFPE tissues cannot be used for FISH assays which have been approved for FFPE tissue. However, tests of time series of different post fixation procedures of NCFPE tissues with 4 % buffered formaldehyde showed that post fixation times of 18 h or longer of NCFPE tissue sections achieved equivalent results to those with FFPE tissues[@B13].

In this study, we provide a detailed protocol and demonstrate the impact of non-cross-linking, formalin-free tissue fixation and 24 h 4 % buffered formaldehyde post-fixation on sections used for HER2 FISH and RNA quality from the same primary tissue specimen.

**Figure 1: Diagram showing the steps for fluorescence *in situ* hybridization (FISH) and RNA analysis of formalin fixed paraffin embedded (FFPE) and non-cross-linking, formalin-free fixed paraffin embedded (NCFPE) tissues.** [Please click here to view a larger version of this figure.](//cloudflare.jove.com/files/ftp_upload/55885/55885fig1large.jpg)

Protocol
========

The study was approved by the Ethics Committee of the Medical University of Graz (reference number 20-066), Austria. Tissue samples were obtained from two cases of surgically resected primary invasive breast cancers after the patients had given written informed consent.

1. Tissue fixation
------------------

NOTE: Tissue fixation is performed either with standard buffered formalin solution (SBFS), defined as 10 % formalin solution containing a mass fraction of 3.7 % (corresponding to a volume fraction of 4 %) formaldehyde buffered to pH 6.8 to pH 7.2 according to CEN/TS 16827-1:2015 or the non-cross-linking, formalin-free tissue fixation system (also referred to as the alternate fixation solution below) consisting of a fixative and a stabilizer solution at room temperature (RT).

1.  Cut the breast cancer tissue samples with a sterile scalpel into two halves each 4 mm thick to ensure adequate tissue quantity. Use a maximum size 4 x 15 x 15 mm for NCFPE or SBFS tissue fixation.

2.  Place each half of the tumor specimen in a standard tissue cassette and submerge it in SBFS or the alternative fixation solution for 24 h with a volume per volume ratio (v/v) of 4 parts fixative and one part tissue (4 mL/1 g tissue (ideally 10 mL/1 g)).

3.  Transfer the alternatively-fixed samples into the stabilizer solution for 2-72 h by opening the container, turning the tissue cassette by 180° and submerging it.

4.  Place the tissue cassettes with the SBFS-fixed samples in 250 mL 70 % ethanol for 30 min at RT to remove residual SBFS. NOTE: This step is important to avoid SBFS contamination of non-cross-linking fixative-treated samples in the automated tissues processor, which would destroy the beneficial properties of non-cross-linking fixatives for preservation of biomolecules. CAUTION: SBFS is a hazardous solution, causes skin irritation, serious eye damage, may cause an allergic skin reaction, is suspected of causing genetic defects, may cause cancer, respiratory irritation, drowsiness and causes damages to organs. The alternative fixative is toxic by inhalation, in contact with skin and if swallowed, irritating to eyes and skin, danger of very serious irreversible effects through inhalation, in contact with skin and if swallowed. Inhalation and physical contact should be avoided for both fixation solutions. Wear suitable protective clothing, gloves, and eye and face protection. Work in a fume hood.

5.  Proceed to tissue processing, embedding and tissue sectioning (sections 2 and 3).

2. Tissue processing and embedding
----------------------------------

1.  Perform stepwise dehydration of tissue cassettes with the fixed tissue samples in 70 % (2 x 15 min), 80 % (30 min), 90 % (60 min), and 99 % (2 x 60 min) ethanol, followed by xylene (2 x 60 min). Then infiltrate with paraffin in an automated tissue processor (4 x 45 min).

2.  Using forceps, place the dehydrated and paraffin-infiltrated samples (alternatively and SBFS-fixed) in metal molds.

3.  Embed the samples in 5 - 10 mL molten paraffin (solidification point 56-58 °C) using a paraffin embedding instrument.

4.  Place the molds onto a cooling plate at -5 °C for 30 min.

5.  Recover the paraffin-embedded tissue blocks from the molds.

6.  Store the resulting blocks (alternatively-fixed, paraffin-embedded (NCFPE) and SBFS-fixed paraffin-embedded (FFPE)) in the dark at 4 °C until use.

3. Tissue sectioning and slide preparation for FISH
---------------------------------------------------

NOTE: FFPE sections are directly used for FISH, while slides with NCFPE sections are post-fixed in SBFS for 24 h before FISH procedure.

1.  Insert a single-use blade into the microtome and adjust the microtome to 10 µm.

2.  Take the first block from the cooling plate and insert it into the instrument.

3.  Trim the block until an even surface is achieved. Clean the microtome using a brush and adjust it to 3 µm. Discard the first 2-3 sections.

4.  Cut 3 µm sections of NCFPE and FFPE blocks and place them in a cold water bath (ultrapure water). NOTE: To obtain better photographs without overlapping nuclei, here, images of 2 µm sections instead of 3-5 µm as recommended in the manufacturer´s instructions are shown.

5.  Pick up each floating section with a fine paint brush and a needle onto a coated microscope slide for adhesion of the tissue sections.

6.  Plunge this slide into a warm (40 °C) water bath and let the section stretch completely.

7.  Put the section back onto the slide by carefully pulling the slide out of the water and avoid wrinkles.

8.  Let all sections dry at at room temperature for 1 h.

9.  Heat the slides at 70 °C for 30 min in an incubator to melt the paraffin.

10. Put the slides horizontally in a glass staining jar.

11. Rehydrate the sections stepwise at RT in the staining jars filled with 250 mL each of the following liquids: 100 % xylene 2 x 15 min, 96 % ethanol 2 x 15 min, 90 % ethanol 2 min, 80 % ethanol 2 min, 70 % ethanol 2 min, 50 % ethanol 2 min, and distilled water 2 x 10 min. CAUTION: Perform deparaffinization and rehydration steps in a fume hood, do not inhale toxic volatilized solvents. NOTE: Depending on the sections and tissue, it may be necessary to test different incubation times in advance.

4. Post-fixation of NCFPE specimens
-----------------------------------

1.  Perform post-fixation of NCFPE slides by putting them into a new staining jar filled with SBFS for 24 h at RT. Place the jar in a fume hood during the 24 h post-fixation step.

2.  Remove excess SBFS by washing with phosphate buffered saline (3 x 10 min) and distilled water (2 x 10 min).

5. Fluorescence *in situ* hybridization (FISH)
----------------------------------------------

NOTE: Here FISH is performed using the commercially available HER2/CEN17 dual color probe Kit according to the manufacturer\'s instructions. Do not allow the tissue sections to dry during the hybridization and washing steps. Do not allow the DNA probe and 4\', 6-diamidino-2-phenylindole (DAPI) DNA counterstain solutions to be exposed to light for a longer period. Perform these steps in the dark using lightproof containers. Depending on the age and the fixation step of the sample material, increase or decrease the denaturing and wash temperatures to obtain better hybridization results.

1.  Place a staining jar containing 250 mL of heat pre-treatment solution citric in a 98 °C water bath.

2.  Place the rehydrated FFPE and post-fixed NCFPE slides into the jar and incubate for 15 min. Do not use more than six slides per staining jar.

3.  Wash the slides in distilled water for 3 min at RT in a new staining jar.

4.  For proteolysis, place the slides into a temperature controlled hybridization system at 37 °C. Immediately, apply the-ready-to-use Pepsin solution (2mg/ml) dropwise (\~ 30 µl per drop) to the tissue sections until it is completely covered. Incubate for 9 min at 37 °C in the hybridization system. NOTE: An incubation time of 5-15 min is recommended. The optimum time for proteolysis should be ascertained in advance.Place the slides into a jar containing wash buffer SSC and incubate for 5 min.Rinse the slides in distilled water for 1 min at RT.Perform dehydration of the sections in the following graded alcohols: 50 %, 70 %, 90 % and 100 % each for 1 min. Air dry the sections.For hybridization, pipette 10 µL of HER2/CEN17 probe onto the dried tissue sections, cover each sample with a coverslip and seal it with rubber cement. NOTE: 10 µL of probe is recommended per 22 x 22 mm tissue area. A gentle warming of the probe makes the pipetting process easier. Avoid bubbles and long exposure of the probe to the light.Co-denature probe and specimen DNA in the hybridization system at 75 °C for 10 min.Set the hybridization system to 37 °C and hybridize overnight.Carefully remove the rubber cement with forceps for post-hybridization and detection.Incubate the slides in a staining jar containing 37 °C pre-warmed 1 x wash buffer A for 5 min. Remove the coverslips.Wash the slides using pre-warmed 1 x wash buffer A twice for 5 min at 37 °C.Dehydrate the slides in 70 %, 90 % and 100 % ethanol, 1 min each.Dry the samples in air and protect from light.For staining, apply 30 µL DAPI-solution to the hybridized area avoiding bubbles. Cover the sections with a coverslip.Incubate for 15 min protected from light.Carefully remove excess DAPI-solution by gently pressing the slide between filter papers.Store the slides at 2 - 8 °C in the dark for up to 2 weeks until evaluation by confocal microscopy.

6. Confocal imaging and scanning of FISH slides
-----------------------------------------------

1.  Perform confocal imaging and scanning of the slides on a confocal digital scanner equipped with a 40x/1.2 NA objective, quad band filters (DAPI/FITC/TRITC/Cy5) and a 5.5Mpx, 16 bit, cooled scientific complementary metal oxide semiconductor (CMOS) camera.

2.  Acquire the images with filters for green (excitation: 503 nm, emission: 528 nm) and orange (excitation: 547 nm, emission: 572 nm) channels.

7. Interpretation
-----------------

NOTE: The HER2/CEN17 probe is a mixture of a red fluorochrome-labelled CEN17 probe specific for the alpha satellite centromeric region of chromosome 17 (D17Z1) and a green fluorochrome-labelled HER2 probe specific for the HER2 gene (probe location 17q12). Tumor specimens with a HER2:CEN17 ratio ≤2.0 per nucleus are scored as normal, whereas those with a HER2:CEN17 ratio ≥2.0 are scored as amplified[@B16].

1.  Perform quality analysis of the images with the open source CaseViewer 2.1[@B19]. Evaluate at least 20 cells that are located in two different regions of the invasive component of the carcinoma as defined by a pathologist. Include clearly distinguishable well distributed nuclei in the counting area. Exclude from counting tissue regions at the boundary and retracted or squeezed areas.

8. RNA Quality
--------------

1.  RNA Extraction Ensure that all instruments and tools are RNAse free. Use a RNAse-removing solution.Cut 10 to 20 sections (5 µm thick) of NCFPE or FFPE samples using a microtome following the protocol until step 3.8.Extract RNA from NCFPE samples using the RNA isolation kit (see the Table of Materials).Extract RNA from FFPE samples by using an FFPE RNA isolation kit. NOTE: Extraction of RNA from non-cross-linking fixatives requires an isolation method adapted to the fixation method. Do not use any other RNA isolation method (e.g. Trizol, RNeasy FFPE, etc. for NCFPE specimen).Determine the RNA concentration and purity using a spectrophotometer. The ratio of the absorbance at 260 nm and 280 nm (A260/280) should be \~ 2.0.Store the isolated RNA at -70 °C until further analysis.

2.  Perform a glyceraldehyde 3-phosphate dehydrogenase (GAPDH) real-time reverse transcription PCR using primers to generate amplicons of different lengths[@B7][@B8]. Use a cDNA reverse transcription kit according to manufacturer´s instructions for cDNA synthesis. Use 500 ng RNA of each sample. Store cDNA at -20 °C until further use.Prepare the PCR master mix according to manufacturer´s instructions.Pipette the PCR master mix in triplicates in a 384-well reaction plate. Add 4 µL of 1:16 diluted cDNA (PCR template). Perform the PCR according to manufacturer´s instructions. NOTE: For human GAPDH, the following primers were used: GAPDH forward: 5´-CCACATCGCTCAGACACCAT-3´; GAPDH reverse: 71 bp 5´-ACCAGGCGCCCAATACG-3´, 153 bp 5´-GTAAACCATGTAGTTGAGGTC-3´, 200 bp 5´-TTGACGGTGCCATGGAATTT-3´, 277 bp 5´-ACTTGATTTTGGAGGGATCT-3´, 323 bp 5´-AAGACGCCAGTGGACTCCA-3´, and 530 bp 5´-ACGATACCAAAGTTGTCATG-3´.Analyze the results using a software applicable to the PCR machine. Nonspecific products must be excluded based on melting curve analysis[@B20].

Representative Results
======================

FISH HER2 determination:
------------------------

The HER2-FISH signal intensities from FFPE and NCFPE are similar ([Figure 2](#F2){ref-type="fig"}). Both cases in most cells show a clear excess of the green signal (indicative of the amplified HER2 gene locus) as compared to the red signal (CEN17 reference gene). Therefore, the case shows an amplified HER2 gene, which means that this patient is expected to respond to trastuzumab, an anti-HER2 targeted therapy. The FFPE specimen served as positive control. The signals observed in non-neoplastic cells (both in FFPE and NCFPE) serve as internal reference and negative control for HER2 gene amplification. For every analysis series, at least one section with known gene amplification status should be used as positive control for the hybridization reaction.

RNA Quality:
------------

Corresponding FFPE and NCFPE samples from two different cases show differences in RNA quality by employing real-time reverse transcription PCR. Results obtained show different amplification efficiencies for different amplicon lengths (i.e., 71 bp, 153 bp, 200 bp, 275 bp, 323 bp) of the GAPDH mRNA. All Ct (cycle threshold) values obtained from FFPE samples were higher than those from NCFPE. This difference demonstrates the lower PCR amplificability of mRNA isolated from FFPE tissues, suggesting a more pronounced chemical modification. Furthermore, the higher Ct values for long compared to short amplicons are an indicator for mRNA fragmentation. In comparison, the Ct value slopes of the different amplicon lengths shows more pronounced mRNA fragmentation in FFPE than NCFPE tissues ([Figure 3](#F3){ref-type="fig"}).

**Figure 2: Representative results of HER2 FISH for corresponding formalin fixed paraffin embedded (FFPE) and non-cross-linking, formalin-free fixed paraffin embedded (NCFPE) tissue sections.**Corresponding samples from the same FFPE (A)and NCFPE (B) tissues are shown. In contrast to normal interphase cells (C), where two green (HER2) and two red (CEN17) signals are expected, cells with amplified HER2 gene locus represent multiple copies of green signals (HER2) (D). HER2 amplification status was identical in both FFPE and the post-fixed NCFPE sections (A, B). [Please click here to view a larger version of this figure.](https://cloudflare.jove.com/files/ftp_upload/55885/55885fig2v2large.jpg)

**Figure 3: Results of a real-time reverse transcription PCR assay used for RNA quality control.**Y-Axis: Ct (cycle threshold) values of the GAPDH gene are shown for different amplicon lengths (71 bp, 153 bp, 200 bp, 275 bp, 323 bp) on the X-axis. mRNA was isolated from FFPE and NCFPE of two different breast cancer tissue samples processed in parallel and transcribed to cDNA for PCR. [Please click here to view a larger version of this figure.](https://cloudflare.jove.com/files/ftp_upload/55885/55885fig3large.jpg)

Discussion
==========

The results demonstrate two key findings. First, a simple 24 h SBFS post-fixation step of sections cut from NCFPE tissues is sufficient to obtain equivalent results to those with FFPE in FISH analyses using FISH assays approved for FFPE tissues (see also reference[@B13]). This protocol has the advantage of using FISH assays originally developed and approved for FFPE without the need for comprehensive revalidation (e.g., by optimizing the pre-hybridization conditions for non-cross-linked tissue). The FISH protocol can be used exactly as described in the manufacturer\'s instructions.

Minor modifications from the manufacturer´s instructions described in this protocol (e.g. tissue section diameter and incubation periods at the deparaffinization steps) result from previous adaptations, which is explicitly recommended by the manufacturer due to the use of different tissue types and fixation methods.

The post-fixation step is critical because it requires a chemical reaction time of 18-24 h, which extends the analysis time by one day but allows the same daily workflow as developed for FFPE tissues ([Figure 1](#F1){ref-type="fig"}). SBFS is reported to penetrate tissue at an average rate of 1 mm per hour[@B21] to 5 mm in 2 h depending on the tissue type[@B22][@B23]. The observation that only prolonged post-fixation periods of more than 18 h could change the properties of NCFPE to FFPE sections, indicates that not the penetration of the fixative but the chemical reaction time is critical for achieving the desired results[@B0][@B13].

Second, the remaining NCFPE tissue that is not used for post-fixation can be used for further molecular analyses as the biomolecules are well preserved. This was demonstrated by real-time reverse transcription PCR ([Figure 3](#F3){ref-type="fig"}). The assay is more sensitive and specific than the electropherogram-derived RIN value (RNA integrity number) with regard to RNA quality (i.e., chemical modification and fragmentation) for mRNA isolated from paraffin-embedded tissues[@B7]. Quality control was restricted in this study to real-time PCR since independent groups have shown that in addition to RNA, the quality of DNA and proteins isolated from NCFPE is better than that from FFPE tissues [@B7][@B8][@B12].

The protocol presented follows, where applicable (e.g., SBFS recipe, fixation conditions, RNA quality control, validation), the requirements of the CEN technical specifications for pre-analytical procedures for *in-vitro* diagnostics (IVD), which have been recently released by the European Committee of Standardization (CEN) (e.g. CEN/TS 16827-1:2015 for RNA-Isolation from FFPE tissues which refers to the ISO 15189 standard).

The method is limited to this specific fixative. Although the good preservation of biomolecules and morphology using the non-cross-linking, formalin-free fixative has been presented in several studies, it is mainly used in research but not in routine medical applications. One reason is that replacing the gold standard SBFS fixation by another fixative would require a variety of validation studies as not all protocols optimized for FFPE material can be used for materials fixed with non-cross-linking fixatives. Other tissue fixation methods were not tested for this FISH protocol.

The simple post-fixation step described in this manuscript has the advantage of using IVD approved assays both for FFPE and NCFPE tissues.
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